
Sensors and Actuators A 118 (2005) 49–56

Micromachined infrared bolometers on flexible
polyimide substrates

Shadi A. Dayeh, Donald P. Butler∗, Zeynep Çelik-Butler
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Abstract

Micromachined infrared sensor arrays have been fabricated on flexible polyimide substrates using a silicon wafer carrier during the
fabrication process. These flexible polyimide substrates containing the micromachined infrared sensors were removed from the silicon wafer
at the end of fabrication. The fabrication technique utilized surface micromachining of a bridge structure to form the thermal infrared (IR)
sensors on flexible substrates. Semiconducting yttrium barium copper oxide YBCO was used as the radiation sensitive material. 1× 10 sensor
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rrays of microbolometers were micromachined using a photo-definable polyimide sacrificial layer and characterized before and af
f the substrate from the Si wafer carrier. The flexible infrared microsensors showed similar performance to microbolometers fab
igid silicon substrates. The YBCO thermistors exhibited a temperature coefficient of resistance (TCR) of∼−3.4% K−1 near room temperatur
esponsivity and detectivity values as high as 6.1× 104 V/W and 1.2× 108 cm Hz1/2/W, respectively, were measured in vacuum for a 40�m
40�m microbolometer with 1�A bias. The lowest observed noise equivalent power was 4.1× 10−11 W/Hz1/2 while the lowest therma

ime constant was 5.7 ms.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Microelectromechanical systems (MEMS) are continu-
usly shrinking in size to reduce mass, increase resonant

requency and lower the force constants of these systems.
lectronic applications are emerging for devices such as dis-
lays and sensor arrays on flexible substrates, where it is
ighly desirable that they be large area, light weight and de-

ormable. In the last two decades, efforts have been made to
ccomplish a “smart skin” with embedded MEMS sensors

hat can be applied to non-planar surfaces[1–7]. The proper-
ies of these flexible substrates include their light weight, flex-
bility, potential low cost, and ability to enable applications
uch as sensitive or smart skin for robotics applications, smart
ags and labels, wearable and mobile sensors for military and
ommercial use. In addition to MEMS, electronic circuitry
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has also been implemented on flexible substrates. Trans
on thin metal or plastic foil substrates and polyimide fi
have been demonstrated[8–11]. Semiconductor electroni
and MEMS sensors are envisioned to merge, forming a
ible smart skin that mimics the sensory perception of hu
skin.

Some of the current flexible electronic technology utili
devices fabricated on plastic substrates by thin film d
sition to form heat flux[7] and thermal infrared (IR) se
sors[12]. In other cases, devices are fabricated on poly
and polyester substrates[2–6]. On polyimide substrates, s
icon islands connected by polyimide films have been us
achieve a flexible pressure sensor technology. Si-diode
perature sensors[2,5] and shear stress sensors[4] have bee
demonstrated. A tactile sensor based on polymer micr
chining techniques applied to the Si wafer carrier has
been reported[1]. In this case, the polyimide layer was
leased from the surface-treated-Si wafer using a buffere
drofluoric acid at the end of the fabrication. This is simila
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our work[13]. However, our flexible sensor arrays required
micromachining of the microbolometer structure on the flex-
ible polyimide substrate as described later.

Microbolometers on rigid Si substrates represent a rel-
atively mature technology, utilizing several materials as
the thermometer such as VOx [14,15], poly-Si–Ge[16,17],
YBCO[18], or metal resistors such as, titanium[19], and nio-
bium [20]. Bulk micromachined GexSi1−xOy sensors have
shown a large temperature coefficient of resistance (TCR) of
−4.2% K−1 at room temperature, exhibiting a responsivity
of 380 V/W at 100 nA of current biasing[21]. Surface mi-
cromachined detectors using polyimide sacrificial layers and
amorphous silicon (a-Si) thermistors were demonstrated with
a TCR of−2.5% K−1 and a thermal conductance of 8.3×
10−8 W/K using thin TiN electrode arms, and a responsivity
of 10 mV/K [22]. This works seeks to extend the research
on micromachined bolometers on rigid substrates to flexible
substrates. By utilizing a flexible substrate, an infrared detec-
tor array can conform to a non-planar surface, provided that
the required optical components can be incorporated to the
sensor at the device level.

Previous work on IR detectors on flexible substrates used
Kapton sheets bonded to Si wafers. At the end of the fab-
rication, the Kapton sheets were removed from the silicon
wafer carriers. These sensors achieved a responsivity of 2×
1 3 7 1/2
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2. Infrared detection

A wide variety of civilian and military applications em-
ploy infrared sensors[25]. Two types of IR sensors are be-
ing used: (1) photon sensors where incident photons cre-
ate electron–hole pairs; (2) thermal sensors where radiation
changes the temperature of the sensor thereby modifying the
electrical characteristics of the sensitive material. A bolome-
ter is a thermal sensor whose resistance value changes with
incident radiation. Taking into consideration the thermody-
namic interactions between the microbolometer and its sur-
roundings, the following heat transfer equation can be de-
rived, neglecting the radiative conductance[26]:

Cth
d�T

dt
+ (Gth − α0PI ) �T = ηP + PI (1)

whereCth is the thermal capacity of the microbolometer,�T
is the incremental temperature change of the microbolome-
ter,Gth is thermal conductance from the microbolometer to
the substrate,α0 is the TCR (α0 = (1/R)(dR/dT )), PI is the
heating power due to the bias current,η is the absorptivity of
the thermometer, andP is the incident light flux.

The modulated output voltage when divided by the input
light flux results in a voltage responsivity in the form of:

R
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0 V/W and a detectivity of 3× 10 cm Hz /W at 1�A
f current even though the sensors maintained full the
ontact with the substrate[12]. However, two problems we
aced while working on Kapton sheets: misalignment
ield. Due to trapped air bubbles while bonding the Kap
heets to silicon and because of the thermal expansi
he Kapton film during fabrication, misalignment to the p
olithographic masks was a problem that resulted in lo
ield. Later, detectors that utilized spin-cast polyimide fi
s the flexible substrate were investigated[23]. No notice-
ble problems were found during fabrication on polyim
lms, but the films were not separated from the silicon w
o achieve the desired flexibility. These sensors achiev
esponsivity of 3.5× 103 V/W and a detectivity of 9.9×
06 cm Hz1/2/W at 2.88�A of current. These sensors we
lso not micromachined.

In this work, the performance of the infrared m
robolometers has been improved by micromachinin
ridge structure under the thermistor. As a result, the the
onductance between the microbolometer and the sub
as decreased resulting in a higher responsivity. The

mide containing the sensors was then removed from the
on wafer and the sensors were tested when curved. Th
ble substrate used in this work was a spin-cast PI-5878
D Microsystems high temperature polyimide coating[24].
I-5878G was thermally converted into intractable polyim
lm after it was applied to the silicon substrate. PI-587
as a glass transition temperature (Tg) of 400◦C. Thus, it
equires low-temperature processing when compared t
ices on silicon substrates but it is flexible and has a g
otential for low cost and large area electronics.
v =
Geff(1 + ω2τ2

eff)
1/2

= √
1 + ω2τ2

eff

(2)

here Geff is the effective thermal conductance (Geff =
Gth − α0PI )), τeff is the effective thermal time consta
τeff = (Cth/(Gth − α0PI )) = (Cth/Geff)), andκ is the ther
odynamic efficiency (κ = (η/(Gth − α0PI ))). The effect o

he bias current heating power on the voltage responsiv
q. (2)is seen inFig. 1. These effects are strong in the cas

ow thermal conductance values where the bias power

ig. 1. Comparison of responsivity calculations with (+) and withou
iasing current effects to the measured responsivity at room temperat
evice DD10 (seeTable 1for device description).
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Fig. 2. A SEM micrograph of a 1× 10 array consisting of 60�m × 60�m
microbolometers.

longer negligible when compared to the thermal conductance,
which is the case for the current microbolometers. Other
bolometers figures of merit are extensively dealt with and
can be found elsewhere[25,26]. The infrared microbolome-
ters reported in this paper include 40�m× 40�m and 60�m
× 60�m geometries in a 1× 10 array configuration. A SEM
micrograph of the 60�m × 60�m 1× 10 array is shown in
Fig. 2. The micrograph (Au coated) was taken after micro-
machining the bolometers.

3. Microbolometer fabrication

Infrared microbolometers fabricated on polyimides re-
quire more attention to the processing temperature than those
fabricated on rigid silicon. Polyimide layers were applied to
the silicon wafer after being coated with a 400 nm Si3N4
layer. All material depositions (other than polyimides) were
performed by a rf magnetron sputtering system in a 10 mTorr
Ar environment. Five layers of PI-5878G were spin-coated
on the Si wafer to form the flexible polyimide substrate and
removed from the carrier wafer at the end of fabrication. To
achieve greater uniformity of the polyimide film, spin coat-
ing started at 2000 rpm and was increased 100 rpm for each
successive layer. After the soft bake at 110◦C for 6 min, the
polyimide film (∼40-�m thick) was cured for five hours in an
o ide
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e

Next, a 70 nm SrTiO3 dry etch stop was sputtered above
the nitride layer (Fig. 3a). To form a micro-mirror that reflects
the radiation directly under the pixel, a 260-nm thick Al layer
was sputtered and subsequently patterned in square geome-
tries of the same area as the YBCO thermometer (Fig. 3b).

A sacrificial layer was used to form the bridge structure
and was removed at the end of the fabrication. A 1.9�m
PI2737 photo-definable polyimide sacrificial layer was spin-
coated at 2900 rpm and soft baked at 65◦C and 95◦C sequen-
tially, 1 min each. After patterning the sacrificial layer, ex-
tending 50�m around the pixel, the metallization layers were
deposited (Fig. 3c). A combination of Ti electrode arms and
Au contacts/bonding pads was used. Ti has a low thermal con-
ductance of 0.219 W/cm K. Using Ti as electrode arms, the
energy transfer from the YBCO thermometer to the substrate
can be minimized, thus increasing responsivity. Ti electrode
arms were patterned by lift-off using a 1.5-�m thick nega-
tive photoresist. A 100 nm Ti layer was sputtered to form the
electrode arms between the YBCO thermometer and the bond
pads, followed by a 70-nm thick film of Au to form the bond
pads and electrical contacts to the YBCO thermistor. Then,
lift-off was performed to define both the Ti and Au layers.
The portion of Au extending beyond the bond pads and the
contacts was etched in a KI:I2 solution (Fig. 3d). A composite
YBa2Cu3O6+x target was used to sputter the 400-nm thick
Y e of
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was
m where
t oom
ven at 275◦C in air environment. To passivate the polyim
lm and to enhance the adhesion to the subsequent devic
rs, a 400 nm Si3N4 layer was sputtered at 200 W. Aluminu
oes not adhere properly to the polyimide layer, which ag
ith [3]. The nitride intermediate layer also withstands m
f the chemical wet etchants used in our fabrication pro
nd results in good adhesion between the polyimide film

he subsequent microbolometer layers. Si thin film tran
ors on plastic substrates also often use a silicon nitrid
ilicon dioxide buffer layer between the plastic substrate
he silicon layer, thus compatibility with the integration w
lectronics is achieved.
BCO layer. YBCO exhibits a high measured TCR valu
3.4% K−1 at room temperature without the need for s

trate heating during deposition or post-deposition the
nnealing. A diluted Al-etch solution was used to pattern
BCO pixels (Fig. 3e). The sensor was formed after this s
nd the wafer was divided into six pieces. The sacrificial l
PI2737) in some of the pieces was removed by O2 plasma
shing to suspend the microbolometers, which we ref
s micromachined bolometers (Fig. 3f). Other microbolome

ers, with the sacrificial layer in place, which we refer to
on-micromachined bolometers, were also tested.

To separate the polyimide film from the silicon wa
sharp knife was used at the corners of four-die pie

hese pieces were individually immersed for short time in
onized water until the polyimide layer was separated f
he underlying nitride layer on the silicon wafer. This mi
e explained with the fact that the nitride layer is hydrop
ic whereas the polyimide layer, formed from polyamic a
ontains many OH and NH groups, and thus hydrophilic[24];
o strong H-bonds are present between the two layers
I H2O diffuses easily to separate them. The detached
ere blown with N2 to dry afterwards. Thus, the polyimi
ubstrate was separated from the silicon wafer carrier to
uce IR microsensors on a flexible substrate (Fig. 4).

. Experimental results and discussion

Singledieswere packaged and wire-bonded. The die
ounted to the package by heated solder in some cases

he die deforms and sticks to the solder when cooled to r
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Fig. 3. Schematic diagram for the fabrication process steps in a side view (left) and top view (right) of a single microbolometer on flexible substrate (not drawn
to scale).

temperature (DD12, DD15). Others were mounted to the sub-
strate with commercial glue (DD28). However, the curling of
the polyimide films during the packaging process made the
packaging/bonding process challenging. We have used an ul-
trasonic wire bonder to wire these devices. The soft polymer
tended to absorb the ultrasonic energy and deform with the
compressive pressure of the needle making the wire bonding
challenging, especially for the curved devices. Failure was
encountered due to the breakage of the wire bonds because
of the vibrations and because of the relatively high thermal

“skin” a

coefficient of expansion of the polyimide (20 ppm for 10�m
film [24]). This problem was encountered also in[27]. In this
case, a hard base layer (sulfamate nickel) was deposited above
the metal lines (Au,Cu) to facilitate wire bonding with the use
of a ball bonder. Others investigating flexible substrates had
packaged their devices by flip–chip bonding and mounted
rigidly to copper-clad printed circuit board (PCB)[1]. As a
consequence of the bond failures, a complete characterization
of some of the devices was not possible. This underscores the
need for device-level packaging of the flexible detectors.
Fig. 4. A flexible
 pplied to a finger.
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The performance of the micromachined and non-
micromachined IR microsensors was measured, before and
after separation of the polyimide substrate from the silicon
wafer carrier.Table 1summarizes the performance of the
tested microbolometers.

The packaged devices were mounted in a Leybold ROK
10–300 K closed-cycle refrigerator evacuated to∼100 mTorr
to measure their resistance (R–T) characteristics and deter-
mine the TCR. Device DD10 is a micromachined bolometer
on a flexible substrate that was not separated from the silicon
wafer. The resistance of DD10 decreased exponentially from
70.5 M� at 220 K to 1.4 M� at 310 K, while the TCR in-
creased from−5.47% K−1 at 220 K to−2.9% K−1 at 310 K.
TheI–V characteristics were measured at a constant temper-
ature through an HP4142 dc source/monitor unit with current
ranging between−2 and 2�A. The thermal conductanceG
was calculated from the current–voltage (I–V) characteristics
by Joule heating method. The resistance of the microbolome-
ter at each current value was calculated from theI–Vmeasure-
ments, and was plotted versus dissipated power. The slope of
this plot was used to calculate the thermal conductance ac-
cording to the following relation:

R(T ) = R0 + 1

G
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The thermal conductance of DD10 was 4.0× 10 W/K
t 290 K. A non-micromachined device (DD1) from an

acent die showed aG of 9.1 × 10−6 W/K. This difference
n the thermal conductance is a result of the thermal is
ion achieved due to removal of the sacrificial layer unde
icrobolometer. In vacuum, low thermal conductance va

an be achieved resulting in high responsivity detectors
owestG attained in earlier generation, non-micromachi
R sensors with the same device geometry on flexible
trates was 4.2× 10−5 W/K for Kapton substrates[12], and
.4× 10−5 W/K for spin-cast polyimide substrates[23].

Fig. 5shows theI–V characteristics, theR–Tand the TCR
easurements for DD10. As the current bias is increase
issipated power in the microbolometer increases, resu

n the non-linearI–V curve shown inFig. 5. Devices with
igher thermal conductance (DD7, a micromachined de
ot separated from silicon withG= 7.8× 10−7 W/K) attained
ore linearI–V characteristics than DD10.
Device DD15 is a micromachined bolometer on a fl

le substrate separated from silicon. The response of D
or light modulation at 32 Hz and 1�A bias current is show
n Fig. 6a. For all microbolometers, optical characteris
ere determined through illumination with broadband
iation from an Infrared Industries (manufacturer) ther
lackbody source whose temperature is controlled by a m
01C temperature controller. Throughout the measurem

he temperature of the source was kept at 990◦C and the
easurements were performed in air and in vacuum thr
ZnSe window. A chopper was used to modulate the IR
iation. The bolometer was biased from a battery-pow

ow-noise current source with different current values ra
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Fig. 5. Current–voltage characteristics of DD10 at room temperature. Re-
sistance vs. temperature and temperature coefficient of resistance measure-
ments are also shown in the inset.

ing from 0.139 to 2.88�A. The vacuum measurements were
performed at∼70 mTorr inside a cryostat. The output volt-
age was amplified by a PAR113 low-noise pre-amplifier and
was measured by an HP 3562A dynamic signal analyzer. The
measurements were conducted in a low-frequency shielded
room.Fig. 6b shows the voltage responsivity and detectivity
for DD15. The detectivity was calculated from the measured
responsivity and measured noise spectral density at differ-
ent frequencies. For low frequencies between 1 and 5.78 Hz,
the dc powered chopper has significant voltage fluctuations
adding to the system total noise. Thus, the noise power spec-
tral density values used in the detectivity were measured at
32 Hz chopper frequency. The maximum responsivity and
detectivity were 6.1× 104 V/W and 1.2× 108 cm Hz1/2/W,
respectively, for DD15 biased at 970 nA. This device has also
shown the lowest NEP of 4.1× 10−11 W/Hz1/2 among the
detectors tested in this study.

Device DD10 showed a responsivity of 3.9× 104 V/W
and a detectivity of 1.1× 108 cm Hz1/2/W with 1�A bias-
ing (Fig. 7). The responsivity of DD10 in vacuum (1.4×
104 V/W) was higher by a factor of 38 over that measured in
air (3.6× 102 V/W) at 11.88 Hz and 0.214�A current bias.
This was a direct result of the low thermal conductance of
DD10 due to micromachining. Using the measured thermal
conductivity and the thermal time constant observed from
t ance
C
2 pin-
c
a -
s pton
( sors
o s

Fig. 6. Optical response of DD15 in vacuum. (a) Output signal power spec-
tral density in response to broad-band incident IR radiation modulated at
32 Hz, with the detector biased at 970 nA. The frequency bandwidth�f =
0.92 Hz at 32 Hz signal frequency. (b) Measured responsivity and detec-
tivity at different current bias values as a function of radiation modulation
frequency.

with no Al reflecting layer (η ∼ 26 % for bolometers with Al
reflecting layer)[23].

Another device DD12 was a non-micromachined bolome-
ter that was separated from the silicon wafer. The max-
imum responsivity measured from DD12 was 1.1×
104 V/W and the maximum measured detectivity was 9.23
× 106 cm Hz1/2/W. The measured TCR for DD12 was
−3.43% K−1 at 290 K, similar to that measured on the mi-
cromachined sensors (DD10−3.4% K−1 at 290K). However,
due to the presence of the polyimide sacrificial layer under the
thermometer, the thermal conductance was higher for DD12
(3.31× 10−6 K−1) than that of DD10 (4.0× 10−7 K−1). Al-
though the resistance of DD12 (8.24 M�) was greater than
that of DD10 (3.29 M�), DD12’s maximum responsivity was
1.1 × 104 V/W compared with 3.9× 104 V/W for DD10.
Thus, the response of the non-micromachined sensors was
he knee-frequency in responsivity, the thermal capacit
was estimated to be 2.4× 10−9 J/K, much lower thanC∼

.8 × 10−8 J/K measured on sensors built directly on s
ast polyimide[23]. The measured low-frequencyRV, TCR,
ndGallowed us to estimateη fromEq. (2)to be 29%, an ab
orptivity higher than the first generation sensors on Ka
η ∼ 15–22%)[12] and than the second generation sen
n spin-cast polyimide substrates (η ∼ 6–9% for bolometer
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Fig. 7. Responsivity and detectivity measurements on DD10 in vacuum and
air vs. radiation modulation frequency.

lower than that of the micromachined sensors. For the mi-
cromachined sensors presented inTable 1, the detectors dis-
play close values of electrical resistance and responsivity.
Nevertheless, the detectivity of DD33 was lower due to the
higher noise observed on this device. The characteristics of
the microbolometers on polyimide substrates that have been
removed from the Si wafer carrier are similar to the mi-
crobolometers that have the polyimide substrate still attached
to the carrier and to microbolometers fabricated directly on Si
in earlier investigations. Sensors described in[18] are struc-
turally similar except they have been fabricated on rigid Si
substrates and exhibited a responsivity of∼8× 103 V/W and
a detectivity of∼1.2 × 108 cm Hz1/2/W at 1�A of current
bias.

Preliminary mechanical tests have shown that bending the
flexible substrate over a 1.5 mm radius of curvature did not
alter the electrical resistance of most micromachined IR sen-
sors. The effect of bending the substrate to a 1.5 mm radius
would provide a minimal effect to typical 40�m × 40�m
pixels by distorting the pixel about 133 nm. These sensors
were damaged, however, when subjected to physical contact.
This is to be expected since no superstrate or encapsulation
was used in these devices. The flexibility limits of the devices
have yet to be fully investigated.

5. Conclusion

1 × 10 micromachined infrared sensor arrays have been
demonstrated on flexible polyimide substrates by surface-
micromachining polyimide sacrificial layers. The YBCO
thermistors were held by thin titanium electrode arms in
a bridge structure above the substrate to lower the ther-
mal conductance and achieve high responsivity. The sen-
sors were successfully removed from the silicon wafer car-
rier and achieved high responsivity and detectivity exceed-
ing 104 V/W and 108 cm Hz1/2/W, respectively. Encapsulat-
ing the IR sensors with a polyimide superstrate is currently
under investigation. The polyimide superstrate will help in
embedding the sensors in a vacuum cavity and will protect
them from contact damage. The combination of the super-
strate and the substrate will enable encapsulation of the de-
tectors in a low stress plane, minimizing the mechanical strain
on the detectors.
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[23] A. Yildiz, Z. Çelik-Butler, D.P. Butler, Microbolometers on a flexible
substrate for infrared detection, IEEE Sensors J. 4 (2004) 112–117.

[24] HD Microsystems PI-5878G product manual.
[25] E.L. Dereniak, G.D. Boreman, Infrared Detectors and Systems, John

Wiley and Sons, 1996.
[26] R.A. Wood, Monolithic silicon microbolometer arrays, in: P.W.

Kruse, D.D. Skatrud (Eds.), Uncooled Infrared Imaging Arrays and
Systems, Semiconductors and Semimetals, vol. 47, Academic Press,
New York, 1997.

[27] E. Hall, A.M. Lyons, J.D. Weld, Gold wire bonding onto flexible
polymeric substrates, IEEE Trans. Components, Packag. Manufact.
Tech. A19 (1996) 12–17.


	Micromachined infrared bolometers on flexible polyimide substrates
	Introduction
	Infrared detection
	Microbolometer fabrication
	Experimental results and discussion
	Conclusion
	Acknowledgements
	References


